We use (3+1) dimensional ideal hydrodynamics to describe the space-time evolution of strongly interacting matter created in Au+Au and Pb+Pb collisions. The model is applied for the domain of bombarding energies 1-160 AGeV which includes future NICA and FAIR experiments. Two equations of state are used: the first one corresponding to resonance hadron gas and the second one including the deconfinement phase transition. The initial state is represented by two Lorentzboosted nuclei. Dynamical trajectories of matter in the central box of the system are analyzed.
I. INTRODUCTION
Relativistic hydrodynamics is a very powerful tool to study high-energy nuclear collisions.
Especially useful is its sensitivity to the "equation of state" (EoS) of strongly interacting matter and, in particular, to its phase diagram. In fact, extracting this EoS the main goal of heavy-ion experiments. Theoretical studies of the EoS are still not very conclusive.
First principle QCD calculations on the lattice [1, 2] give reliable results only at small baryon chemical potentials. In this case a cross-over transition from hadronic to quark-gluon degrees of freedom is predicted at temperatures T ∼ 170 MeV. Some signatures of a baryon-free quark-gluon plasma with low viscosity have been already found [3] in RHIC experiments with c.m. bombarding energies √ s N N = 60 − 200 GeV. These signatures may be even stronger at LHC energies ( √ s N N ∼ 5 TeV). On the other hand, many phenomenological models predict that a strong first order phase transition may occur in compressed baryon-rich matter [4] [5] [6] .
Presumably, such matter is created at lower (SPS, AGS) energies. A more detailed data should be obtained in the low-energy runs at RHIC [7] as well as in future NICA [8] and
FAIR [9] experiments.
A large amount of experimental data for nuclear collisions at AGS, SPS and RHIC energies have been successfully described by different versions of the hydrodynamic model. The first model of this kind has been proposed by Landau more that 50 years ago [10] . Unless stated otherwise, below we are dealing with perfect fluids, i.e. we neglect possible dissipative terms, associated with viscosity, heat conductivity as well as chemical non-equilibrium effects. In other words, it is assumed that deviations from local equilibrium are small starting already from early stages of a nuclear collision. One can roughly divide the existing versions of ideal hydrodynamics into two classes. The first class includes the models which apply fluid dynamical simulations from the very beginning i.e. starting from cold equilibrium nuclei.
The attractive feature of such an approach is that no additional parameters are needed to characterize the initial state of the reaction. The models of the second class introduce an excited and compressed initial state -a locally equilibrated "fireball". It is believed that such fireball is formed at an early non-equilibrium stage of the collision. The disadvantage of this approach is a large freedom in choosing geometrical and fluid-dynamical parameters of the initial state. Due to this reason the predictive power of second-class models is greatly reduced, especially when studying sensitivity of the results to the EoS. Up to now many versions of the fireball-based hydrodynamic model were developed ranging from simplified (1+1)- [11] [12] [13] [14] [15] [16] and (2+1)-dimensional models [13, [17] [18] [19] [20] ] to more sophisticated (3+1)-dimensional ones [21] [22] [23] [24] [25] [26] . Recent calculations with inclusion of dissipative terms [27, 28] show that data at RHIC energies can be reproduced with rather low viscosity coefficients.
Historically, early 3D models of relativistic nuclear collisions [29] [30] [31] [32] [33] [34] used cold Lorentzcontracted nuclei in the initial state. It is believed that such models are good enough up too bombarding energies of about 10 AGeV. Due to the projectile-target transparency, they become less and less justified with increasing bombarding energy. To take into account this effect, generalized multi-fluid models have been constructed in Refs. [35] [36] [37] [38] [39] [40] . The most important ingredients of such models, the inter-fluid coupling terms, are rather uncertain and usually parameterized phenomenologically.
It is clear that hydrodynamical approach can not be directly applied to late stages of a heavy-ion reaction when binary collisions of particles become too rare to maintain the local thermodynamic equilibrium. A standard way [10] to circumvent this difficulty is to introduce a so called "freeze-out" criterion to stop the hydrodynamical description. Often it is postulated that collisionless expansion of particles starts at some isothermal hypersurface [41] .
Unfortunately, this approximation is rather crude [42] and even in contradiction with experimental data (see e.g. [43] ). A more consistent procedure has been suggested [18, 20, [44] [45] [46] within a hybrid "hydro-cascade" model. In this scheme hydrodynamics is used for generating coordinates and momenta of hadrons at some intermediate stage of the reaction. These characteristics are used for transport simulations of later stages.
Below we formulate a version of the ideal (3+1)-dimensional hydrodynamics suitable
for the domain of AGS, NICA, FAIR and SPS energies. This model belongs to the first class and uses a new EoS [47] with the deconfinement and liquid-gas phase transitions.
In our calculations we perform a detailed analysis of the dynamics of nuclear collisions at various energies giving a particular attention to macroscopic characteristics, i.e. collective flows, life-time and volume of quark-gluon and mixed phases. It is shown that maximal energy and baryon densities predicted by our fluid-dynamical simulations agree well with 1D shock wave calculations. A special analysis is carried out to evaluate the importance of transparency effects. This is made by comparing our results with predictions of the three-fluid model of Ref. [40] . To calculate momentum spectra as well as directed and elliptic flows of secondary particles, we apply an approximation of isochronous freeze-out.
In these calculations we investigate the sensitivity of observables to finite size of hadrons by introducing the excluded volume corrections.
The paper is organized as follows: our hydrodynamic model is formulated in Sec. II. The results of numerical calculations for central Au+Au collisions at FAIR and SPS energies are given in Sec. III . Here we also compare the predictions of the one-and three-fluid models.
In Sec. IV we discuss a space-time picture of non-central Au+Au collisions. Particle spectra and parameters of transverse collective flows are considered in Sec. V and VI. Our conclusions are presented in Sec. VII.
II. FORMULATION OF THE MODEL

A. Equations of ideal fluid dynamics
Below we study the evolution of highly excited, and possibly deconfined, stronglyinteracting matter produced in ultrarelativistic heavy-ion collisions. It is assumed that this evolution can be described by the equations of ideal relativistic hydrodynamics [48] .
These equations represent local conservation laws of the 4-momentum and baryon charge
In the limit of small dissipation the baryon 4-current N µ and the energy-momentum tensor T µν can be expressed as ( = c = 1)
where ε, n and P are the rest-frame energy density, the net baryon density and pressure of the fluid,
is the metric tensor. Here and below we denote by v the fluid 3-velocity.
One can rewrite Eqs.
(1)-(2) in Cartesian coordinates (t, r) as follows
where E = T
00
, M i = T 0i and N = N 0 are the energy density, the 3-momentum density and the baryon density in the lab frame.
The relations between hydrodynamical variables in the lab and local rest frames can be written as
To solve Eqs. (5)- (10) it is necessary to specify the EoS P = P (n, ε) of the fluid and initial conditions.
B. Equation of state
In our calculations we use the EoS of strongly interacting matter with the first order deconfinement phase transition (EoS-PT) [47] . The hadronic phase (HP) is described as the hadron resonance gas with inclusion of known hadrons with masses up to 2 GeV. Finite size effects are taken into account by introducing the excluded volume corrections. The same excluded volume parameter v e = 1 fm 3 is used for all hadronic species. A Skyrme-like mean field for baryons
is added to guarantee that the hadronic matter has correct saturation point and a liquid-gas phase transition [72] . The deconfined quark-gluon phase (QGP) is described by the bag model EoS with lowest-order perturbative corrections. The phase transition boundaries and characteristics of the mixed phase (MP) are found by using the Gibbs conditions with the strangeness neutrality constraint (for details, see Ref. [47] ). The domains of MP states in different thermodynamic variables are shown in Figs. 1-2, 6-7, 9-10. To probe sensitivity to the EoS, we have also performed calculations with the EoS of ideal hadron gas (EoS-HG).
In this case we disregard the excluded volume effects assuming that v e = 0. To provide stability of initial nuclei we also introduce the Skyrme-like mean field. The parameters of EoS-PT and EoS-HG are given in [47] .
The graphic representation of P (n, ε) for both EoSs is given in Figs. 1-2 [73] . One can see that values of pressure predicted by these two EoSs significantly differ at large enough ε where our calculations predict a non-monotonous behavior of collective flows and particle spectra as functions of bombarding energy (see below).
C. Initial conditions
We start our hydrodynamical simulation from the stage when two cold nuclei approach each other. Unless stated otherwise, we consider collisions of gold nuclei (Z = 79, A = 197) which have the Woods-Saxon density distribution in their rest frame,
with the parameters n 0 = 0.15 fm −3 , a = 0.5 fm, R 0 = 6.7 fm. We assume that the rest frame initial energy density of each nucleus, ε(r, t = 0) is given by the r.h.s. of Eq. (13) 
where
is the Lorentz factor of colliding nuclei [74] .
D. Numerical scheme
The numerical solution of fluid-dynamical equations (5)- (7) was obtained by using the flux-corrected transport algorithm [49, 50] . All calculations are performed in the c.m. frame.
Unless otherwise stated, we use a cubic Eulerian grid with the cell size ∆x = 0.1 fm along each direction. Typically we take the numbers of grid points equal to 500 × 300 × 400 in x, y, z directions and choose the time step ∆t = 0.01 fm/c. In our simulations we use linear interpolations of tables P (n, ε) prepared with fixed steps in n and ǫ. We have checked that Below we often analyze time evolution of fluid-dynamical quantities averaged over a "central box" around the symmetry point x = y = z = 0. As a rule, we use the box with dimensions [75] |x|, |y|, γ 0 |z| < 1 fm.
For comparison Fig. 3 shows the time dependence of the baryon density in the central grid cell and in the central box for the case of a central Au+Au collision at E lab = 10 AGeV.
One can see that using rough grids leads to oscillations of the energy density which are of numerical origin. They are especially visible at early stages when a shock-like compression of matter takes place (see Sec. IIIB). Averaging over neighboring cells partly remove these oscillations.
E. Particle spectra and parameters of collective flows
To calculate hadronic momentum distributions we apply the approximation of instantaneous freeze-out: it is assumed that a sudden transition from the local equilibrium to collisionless propagation of particles takes place at some space-time hypersurface σ µ [76] .
Within this approximation one can use the standard Cooper-Frye formula [41] for the invariant momentum distribution of the hadronic species i
µ is the 4-momentum of the particle, y and p T are, respectively, its longitudinal rapidity and transverse momentum, T denotes the local temperature, g i is the statistical weight of the hadron species i.
Plus and minus in Eq. (16) correspond, respectively, to fermions and bosons. Using conditions of chemical equilibrium one can express the particle's chemical potential µ i through the baryon (µ) and strange (µ S ) chemical potentials as follows [47, 51] 
where B i and S i are, respectively, the baryon and strangeness number of species i .
In calculating spectra of baryons (B i = 1) we take into account the mean field effects.
In this case we use Eqs. (16)- (17) with the replacement of the baryon chemical potential µ
by its "kinetic" part µ K = µ − U(n) where U(n) is the mean field potential introduced in Eq. (11). As indicated above, our calculations with the deconfinement phase transition use the EoS with inclusion of finite volume corrections. In accordance with Ref. [47] , we introduce these corrections by the replacement µ i → µ i − v i P K where P K is the kinetic part [47] of the total pressure and v i is the excluded volume of i-th hadron. Unless stated otherwise, particle spectra and collective flows in the case of EoS-PT are calculated by using the parameter v i = 1 fm 3 for all hadronic species.
For our qualitative analysis we choose the simplest condition of isochronous freeze-out (t = t fr = const). Then dσ µ = d 3 xδ µ,0 and Eq. (16) gives the hadronic momentum distribution at a fixed time t in the c.m. frame. In addition to contributions of "thermal" nucleons and pions, which are calculated directly by using Eq. (16), we also take into account resonance decays, e.g. ∆ → Nπ, ρ → 2π. Below we assume zero widths of resonances and apply the following formula [16] for the spectrum of hadrons i from two-body decays
Here m R and p R are the mass and 4-momentum of the resonance R (R = ∆, ρ . . .), E 0 and q 0 are the energy and 3-momentum of the hadron i in the rest frame of R, b i is the branching ratio of the decay channel R → i + X. Equation (16) Transverse collective flows of matter created in heavy-ion collisions, are rather sensitive to its EoS. Much attention in recent years is given to the parameter of elliptic flow v 2 [53] .
The 2+1 fluid dynamical calculations at SPS and RHIC energies [20, 54] show a significant sensitivity of this quantity to the deconfinement phase transition. The elliptic flow of i-th
where φ = arccos (p x /p T ) is the azimuthal angle of p T with respect to the reaction plane.
3 p is the momentum distribution of i-th hadrons with inclusion of resonance decays. Unfortunately, the elliptic flow is sensitive [45, 55, 56 ] not only to the EoS, but also to dissipative and freeze-out effects. Below we also calculate the directed flow parameter v To discuss qualitatively possible differences between the EoS-PT and EoS-HG at different bombarding energies, below we calculate a so-called momentum anisotropy parameter ǫ p which characterizes the collective flow asymmetry in the transverse plane. Following Ref. [58] we define this quantity as
where T xx , T yy are the components of momentum density in the transverse plane z = 0 [78] .
In Ref. [17] the approximate relation ǫ p ≃ 2v 
B. Simplified picture of matter evolution in a central box
To estimate parameters of states with maximal compression, let us consider a collision of two slabs of cold nuclear matter (n = n 0 , T = 0) moving initially with velocities ±v 0 along the z-axis. After the first contact two shock fronts start to propagate with constant velocities in the positive and negative z-directions. From the continuity of T 0z , T zz , N z in the shock front rest frame one gets [48] the relation (so-called "Taub adiabate") connecting the baryon (n) and energy (ε) densities of fluid behind the shock front:
where ε 0 = µ 0 n 0 is the initial rest-frame energy density of each slab [79] . In addition one can write down the equation expressing conservation of energy per baryon at the shock front. In the c.m. frame this equation looks as the stopping condition
where should be less justified with raising bombarding energies (see a more detailed discussion in [57] ). To estimate the importance of projectile-target transparency effects, we have This results in strong acceleration of fluid cells during the hadronization processes. As will be shown below, such acceleration leads to additional broadening of baryon rapidity distribution as compared to a purely hadronic scenario (see Sec. V).
Comparison of spatial distributions of energy density for two EoSs is made in Fig. 13 . 
IV. MODELING NON-CENTRAL COLLISIONS
A. Energy density and collective velocities in Au+Au collisions at E lab = 10 AGeV
Let us consider now non-central collisions. As we shall see below, especially interesting is the region of bombarding energies ∼ 10 AGeV. At such energies we expect an enhanced sensitivity of collective flow observables and particle spectra to the phase transition. In According to Fig. 15 , at E lab ≃ 10 AGeV the EoS-PT leads to an essentially different spatial symmetry of the energy density distribution in the transverse plane as compared with the purely hadronic EoS. On the other hand, the calculation with the EoS-PT predicts much larger pressure gradients and accelerations of matter in the x and y directions. In Fig. 18 we compare the pressure profiles for both EoSs at different times. One can see, that in the case of the EoS-PT, especially strong pressure gradients at t ∼ 8 fm/c are formed in the x direction, at the boundary between the hadronic and mixed phases. This in turn leads to an enhanced momentum anisotropy in the case of EoS-PT as compared with the EoS-HG (see next section) [82] .
B. The momentum anisotropy at different bombarding energies
Here we present the results concerning the momentum anisotropy ǫ p in (semi)peripheral Au+Au collisions. This quantity has been defined in Eq. (20) . Figure 19 represents the time evolution of ǫ p at different E lab . Thick lines are calculated using the generalized definition of ǫ p with y * = 0.5 (see footnote [7] ). By thin lines (for E lab = 10 AGeV) we also present calculations in the limit y * → 0. One can see that in the case with phase transition the simplified formulae (20) leads to unphysical maximum of ǫ p (t) at intermediate times. According to Fig. 19 , the momentum anisotropy is rather sensitive to EoS in the bombarding energy range E lab 20 AGeV. The asymptotic values of ǫ p at E lab 10 AGeV are larger in calculations with the deconfinement phase transition. We think that such "counterintuitive" result [83] may be explained by the difference in pressure gradients in the transverse plane.
As discussed in the end of preceding section, they are much larger at intermediate times if the MP is created.
As mentioned in Sec. II E the freeze-out effects may significantly change the observed values of transverse flows in heavy-ion collisions. To estimate a possible spread of results we determine the time moment t fr when the energy density in a central box becomes smaller a certain freeze-out value ε fr . Applying such freeze-out condition, in Fig. 19 we mark by points the values of ǫ p corresponding to different values of ε fr . Figure 20 shows excitation functions of the momentum anisotropy for two EoSs. The lines connect the values of ǫ p taken at t = t fr where t fr corresponds to ε fr = 0.4 GeV/fm 3 . At each E lab the ends of arrows in Fig. 20 show the values of ǫ p for ε fr = 0.2 and 0.6 GeV/fm 3 . In the case of EoS-PT our model predicts a non-monotonic dependence ǫ p (E lab ) with maximum at E lab ≃ 10 AGeV.
As indicated above, the momentum anisotropy is approximately proportional to the pion elliptic flow at midrapidity. It is interesting that existing experimental data on the proton and pion elliptic flows in Au+Au and Pb+Pb collisions (see their compilation in Ref. [55] ) do not exclude presence of a local maximum of v 2 at high AGS energies. However, the data at AGS and SPS energies were obtained by using different detectors, centrality cuts and methods of v 2 determination. It would be highly desirable to perform more detailed measurements of the elliptic flow excitation function in the bombarding energy range 5-50 AGeV. Hopefully, low energy RHIC as well as future NICA and FAIR experiments will help in obtaining such data.
V. HADRONIC SPECTRA
In this section we present the model results for proton and pion momentum distributions in central Au+Au collisions at E lab ≃ 10 A GeV. These distributions are calculated by using the Cooper-Frye formula (16) with the isochronous freeze-out hypersurface. The According to Fig. 21 , the proton and pion p T distributions in central Au+Au collisions at E lab ∼ 10 AGeV are not so sensitive to EoS. In this figure we explicitly show the contributions of "directly" produced (thermal) proton and pions. Indeed, one can see that resonance decays give large contributions at all p T , especially for pions.
The proton rapidity distribution for the same reaction is presented in Fig. 22 . As compared to the EoS-HG, the calculation with the phase transition predicts a noticeably broader rapidity distribution. In this case the agreement with experimental data outside the central rapidity region is better than in the purely hadronic scenario. The physical meaning for this broadening is related to larger pressure gradients in the longitudinal direction, as demonstrated in Fig. 12 . Our analysis shows that the shape of the proton rapidity distribution at small c.m. rapidities is rather sensitive to the excluded volume parameter. It is interesting that single-and three-fluid calculations [64] of central 11 AGeV Au+Au collisions also predict appearance of a deep in the proton rapidity distribution at midrapidity for a EoS with the deconfinement phase transition. Irregular behavior of this distribution as a function of bombarding energy has been recently suggested [65] as a signature of the QGP formation. The π − rapidity distribution for the 10.7 AGeV central Au+Au collision is shown in Fig. 23 . In the case of the EoS-PT, a reasonable agreement with experimental data can be achieved only if we assume a freeze-out time smaller than for protons [85] . Again, calculations with the phase transition predict a broader distribution than those for the EoS-HG. However, differences in shapes of pion rapidity distributions are not so strong as for protons. It is worth to note that our results on hadronic spectra and collective flows (see next section) are rather preliminary. First, they are obtained by using the simplest option of isochronous freeze-out. Second, the resonance decays are considered rather schematically i.e. the width of resonances was neglected and multi-particles decays were included only approximately.
VI. COLLECTIVE FLOWS
The momentum anisotropy considered in Sec. IV B is not measurable directly and can be popular in recent years (see e.g. [67] ). In particular, this was initiated by the prediction [33] of a "softest point collapse" of the nucleon directed flow at E lab ∼ 8 AGeV. In this section we present our results for Au+Au and Pb+Pb collisions at E lab = 10 and 40 AGeV. These results are obtained by using formulas of Sec. II E. 1 /dy at |y| 0.5 only slightly depend on b. Unfortunately, the rapidity dependence of directed flows is not measured at AGS bombarding energies. On the other hand, there are measurements [68] of a similar quantity, the so-called "sideflow" < p x >, which is defined as a mean transverse momentum (per To check the sensitivity of collective flows to the bombarding energy, we have performed calculations for Pb+Pb collisions at E lab = 40 AGeV. The results are shown in Figs. 27-28.
As compared to the AGS energy (see Fig. 24 ) the proton directed flow is not so sensitive to the EoS, at least in the central rapidity region. As one can see from 
VII. CONCLUSIONS AND OUTLOOK
We have developed a (3+1) dimensional ideal hydrodynamical model to study heavy-ion collisions in the energy range 1-160 AGeV. The sensitivity of collective flow observables and particle spectra to the first-order deconfinement phase transition have been investigated.
Our analysis shows that maximal values of energy-and baryon densities in the central box of the colliding system are significantly larger if this phase transition occurs at some intermediate stage of a heavy-ion collision. As compared with the purely hadronic scenario, the calculations with the deconfinement phase transition predict broadening of proton rapidity distributions, enhancement of elliptic flows and appearance of directed antiflow in the central rapidity region. It it shown that the collective flow parameters are especially sensitive to EoS at E lab ≃ 10 AGeV. Our calculations with the EoS-PT predict that at such energies the system spends the longest time in the mixed phase. Similar conclusion that this energy domain is optimal for searching signatures of the deconfinement phase transition in nuclear collisions has been made earlier in Ref. [71] .
Our analysis does not allow us to decide which EoS, with or without the phase transition,
gives better agreement with experimental data. One should bear in mind that our results are obtained by assuming a rather simple isochronous freeze-out and neglecting dissipative effects. To detect clear signatures of the deconfinement transition in nuclear collisions, new detailed measurements of collective flow observables, especially in the central rapidity region, would be needed in NICA and FAIR experiments. In the future we plan to generalize our model by introducing dissipative terms and a more realistic description of freeze-out process.
